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I. INTRODUCTION 
Cavitation may be encountered in many scienti~ic ~ields. 
Mechanical and civil engineers are concerned with the 
prevention o~ cavitation erosion in the design o~ turbines, 
propellers, underwater missiles, and similar structures. 
Biologists and physiologists are seeking more knowledge 
concerning the tensile strength o~ liquids, such as, tree 
sap and the formation o£ gas bubbles in the blood stream. 
Finally, the physicist and acoustical engineer must cope 
with the cavitation problem when working with underwater 
transducers, cavitation noise, and the propagation o~ 
acoustical signals through media in which cavitation is 
occurring. 
There are many ~orces which hold a liquid together and 
must be overcome if cavities are to form. The most obvious 
force is the force holding the molecules o£ the liquid 
together. These intermolecular cohesive £orces are o£ 
considerable magnitude and they are additive to the ~orce 
exerted by the external pressure. When these additive 
forces have been overcome, cavities will £orm in a liquid. 
The presence o~ impurities in a liquid will a££ect the 
tensile stress necessar~ to cause cavitation. Precisely 
how these impurities in a liquid in£luence cavitation is 
obscure, or at least subject to controversy, but it is 
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clear no theory that ignores them explains adequately the 
observed facts. 
The object of this investigation was to study the effects 
of ultrasonically-induced cavitation in distilled water at 
liquid heights in the two to fifteen centimeter range on 
known concentrations of carbon dioxide, bicarbonate ions, 
and oxygen. The ultrasonic power setting required to pro-
duce violent cavitation was studied as a function of distilled 
water height. 
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II. LITERATURE REVIEW 
The literature review is divided into three parts: 
{1) the experimental observations on the tensile strength 
of liquids, (2) the theory of liquids and its application 
to cavitation, and (3) the phenomena relating to cavita-
tion in liquids. 
Experimental Observations on the 
Tensile Strength of Liquids 
Experimental investigations on the tensile strength 
of liquids, as shown in Table I, may be divided into three 
classes; static stretching, dynamic or hydraulic stressing, 
and tensile stresses caused by ultrasonic waves. The basic 
difference in the energy producing these stresses is the 
source. This review is concerned primarily with the ultra-
sonic method of producing stresses in liquids, but it is 
useful also to review the results of the others. 
Static Observations. Various experimenters(30,9B,99) 
have observed the tensile strength of liquids by static 
experiments. They are the capillary tube method and the 
shock method. 
Capillary Tube Method. In the capillary tube(l4) 
method a sealed glass capillary tube was nearly filled 
30. All references are in bibliography. 
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TABLE I-
Experimental Cavitation Tensile Stressesain Liquids 
Water Ethyl Ethyl Mineral Castor Xylene 










Meyer 34 39 72 





Temperley & 30-50 
Chambers 
Vincent 157 1.2-2.4 0.7-2.2 3-119 
Worthington ?.9 
aTensile stresses are in atmospheres. 
Blake, Jr. F. G.: The Tensile Strength of Liquids: A Review 
of the Literature, Tech. I'J1em. No. 9, Acous. Res. Lab., 
Harvard, 1949. 
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with the liquid to be tested. The tube was then heated 
until the liquid expanded and completely filled the 
tube. The temperature at which the liquid completely 
filled the tube was recorded. The glass capillary 
tube was then cooled. This cooling subjected the 
liquid to tensile stresses because the liquid was 
adsorbed on the glass. This adsorption of the liquid 
was due to the cohesive forces between the glass and 
the liquid. The temperature at which the liquid 
eventually ruptures or "breaks" was recorded. The 
( 14) . 
volume change was determ~ned from the known dif-
ferential thermal expansion. The tensile stress was 
then computed. Tensile stresses for water on the 
order of 30 to 50 atmospheres have been obtained by 
this method. 
Shock Method. In the shock method(52 )the bottom 
of a glass tube filled with the liquid to be observed 
was struck with a wooden block. The blow moved the 
glass wall of the tube sufficiently to produce tensile 
stresses in the liquid. It was these tensile stresses 
that produced cavitation in the liquid. 
Hydraulic Observations. In hydraulic cavitation(l4) 
the pressure reduction is brought about by the rapid relative 
motion of a liquid and a solid boundary surface. If water 
is forced through a constriction in a pipe, such as a ven-
turi, the reduction of hydrostatic pressure resulting from 
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the increased water velocity may be su£ficient to cause 
cavitation. Most of the research in this field has been 
concerned primarily either with the effect of cavitation in 
altering the shape of the boundary surface at various rela-
tive velocities and hydrostatic pressures or with the 
destructive action and loss of efficiency due to cavitation. 
Ultrasonic Observations. The subject o£ cavitation 
and its effects in intense ultrasonic sound fields is 
covered extensively in the literature. Only that portion 
of the material pertinent to this investigation will be 
reviewed here. 
First Observation. In the £irst known observation 
of ultrasonic cavitation in liquids(92 )a distinction 
was noted between true cavitation, the formation and 
collapse of cavities, and degassing of water. True 
cavitation was observed to be the formation and 
collapse o£ bubbles in a liquid. Degassing was ob-
served to be the partial removal of gases that were 
dissolved in the liquid. 
Rectified DiffUsion. A gas-filled bubble in a 
liquid pulsates(S?)when subjected to sound vibrations. 
The radius of the bubble will decrease during the 
positive half-cycle or condensation phase of the 
sound wave. This adiabatic compression(llO)will 
produce temperature increases up to 100 degrees 
Centigrade. The pressure of the gas within the bubble 
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will be great enough to allow gas to diffuse out of 
the bubble and into the liquid. During the negative 
half-cycle or rarefaction phase of the sound wave 
the bubble will expand. The liquid will evaporate(llO) 
into the bubble during the rarefaction phase of the 
sound wave. Gas will diffuse into the bubble which 
will be undersaturated with respect to the liquid. 
The surface area of the bubble will be greater for 
the half-cycle period during which there is an 
influx of gas. Therefore, more gas will diffuse 
into the bubble than will leave it during its pulsa-
tion cycle. Thus, there will be a net sonically-
induced diffusion of gas into the bubble. This 
process of bubble growth is called rectified diffusion. 
Cavitation. Cavitation(S7)occurs in a liquid 
when the total pressure at a point in the liquid is 
reduced to the vapor pressure of the liquid. When 
the tensile stress necessary to produce cavitation 
has been attained, the cavitation threshold has been 
reached. 
Power Limitations. Attempts to increase the 
sound pressure in a liquid in a given region above 
the cavitation threshold will usually fail. 
Cavitation will occur somewhere along the sonic path 
to that region(5$)and the bubbles thus formed will 
scatter the sound energy. 
-8-
Photographic Studies. Several photographic 
studies of cavitation( 27 , 95 , 106 )have been made. 
Transducers focused the cavitation in the region to 
be photographed. 
The Theory of Liquids and Its 
Application to Cavitation 
Experimental cavitation tensile stresses have varied(l4 ) 
from 0.5 to 200 atmospheres. Experimenters have attempted 
to explain these differences by a theoretical treatment. 
See Table II. There are many theoretical treatments of 
cavity growth and collapse. Each of these theories is 
complicated by the many factors involved. Such factors 
include bond distance, bond strength, orientation of 
molecules, cavitation nuclei, and interfacial effects. 
No theory that ignores these factors adequately explains 
the observed facts. 
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TABLE II 
Summary of Theoretical Cavitation Studies 
Theory 
Van der Waals' Theory 
Kinetic Theory of Liquids 
Hole Theory 
Theory of Briggs, Johnson, 
and J.VIason 
Calculated Cavitation 







Van der Waals' Theory. Van der Waals' equation of 
state is defined as follows: 
{ p + N2 a) { v - Nb ) = NRT { 1 ) 
~ 
where: 
p = pressure, atm 
v = volume, cc 
0 T = temperature, K 
2 
a= constant, (atm)f_ cc \ 
\gm-mole) 
b = constant, cc 
gm-mole 
R = gas constant, (atmf(cc) 
( gm-mo e ) (OK) 
N = gm-moles 
This equation is usually considered to be a second approxi-
mation to the equation of state for gases, accounting for 
the deviations of real gases from the perfect gas law. 
Van der Waals' theory(l4 )may also be extended beyond the 
limits of the gaseous .state as an equation of state for 
liquids, where the constants, a and b, pertain to the par-
ticular fluid in question. The constant, b, is referred 
to as the excluded volume. Actually, it is the volume 
occupied by the molecules themselvese The term, v-Nb, 
is the space of volume available for free motion. The 
constant, a, takes into consideration the intermolecular 
attraction that exists in the fluid. These forces tend to 
draw the molecules together and diminish the pressure 
exerted below the value corresponding to ideal behavior. 
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Critical point data for water then gives a value of approxi-
mately 10,000 atmospheres(l4)for the cavitation pressure, 
a/v2 • Theoretically, the external pressure would have to 
exceed this amount in order that the liquid might "break". 
Kinetic Theory of Liquids. The static tension in a 
liquid is relieved by the formation of a vapor bubble so 
that there is essentially a two-phase system at the equilib-
rium vapor pressure. Such a bubble must have grown from an 
initial radius of either zero or so small, 10-8 centimeters, 
that it was not unstable. The condition for equilibrium 
of a spherical bubble is stated as follows(l4): 
r* = 2 <r _ ____,; ___ _ 
Pv - Po 
where: 
(2) 
r=::c = critical value for the radius for stability, em 
o · = surface tension, dynes 
em 
Po 
= vapor pressure in bubble, dynes 
cm2 
= external hydrostatic pressure, dynes 
cm2 
If the radius, r, is less than r*, the bubble may collapse 
during the rarefaction phase of a sound wave. If r is 
greater than r*, it expands. Calculated values of the 
threshold sound pressure for cavitation are shown in 
Figure 1. 
Hole Theory. The liquid state of matter may be 
thought of as a crystalline structure in which there 
-12-
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Figure 1. Calculated Threshold Sound Pressure for Cavitation 
of a Free Bubble Nucleus as a Function of Its Size. The 
Parameter Pg Is the Equilibrium Pressure of the Gas Dis-
solved in the Water. 
Strasberg, M.: Onset of Ultrasonic Cavitation in Tap Water, 
J. Acous. Soc. Am., 21, 165 (1959). 
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exists a large number of vacant- lattice sites or microscopic 
holes( 4l), indicating that they might serve as the cavita-
tion nuclei within the liquid. These surfaces of rupture 
in the absence of external pressures do not become macro-
scopic in size. 
Heterophase Fluctuations. In every homogeneous 
body there are heterophase fluctuations that may lead 
to the appearance of a new phase. Macroscopic holes 
in a liquid are an example of such a heterophase 
fluctuation. They exist in a liquid near its boiling 
point. Usually, the free volume o£ the liquid is 
thought o£ as being evenly distributed between all 
molecules. For average values over long periods of 
time this is true. However, for instantaneous values 
this is incorrect. "According(4l)to the cavitation 
theory, the distances between the neighboring molecules 
of the liquid outside the regions of rupture remain 
the same as in a solid body, being, however, sharply 
increased within these regions. This theory is not 
entirely correct. The free volume must be distributed 
partly in the form of discontinuous separate holes and 
partly in a continuous manner so that the liquid may 
preserve its homogeneity." 
Holes. The free volume(42 )of a liquid is not 
distributed evenly between all its molecules, but it 
is concentrated in the form of micro-cavities or holes. 
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These holes are nothing more than widened gaps and 
have neither a de£inite size or shape. It must be 
remembered that in a liquid all of the gaps between 
the molecules should be treated as being embryonic 
in size. The embryonic hole radius will be no greater 
than 10-$ centimeters. Since holes of microscopic 
size can come only from these embryonic holes, the 
number of holes in a liquid will always be the number 
of molecules in that liquid. 
Cavitation Requirements. The tensile stress 
required to produce cavitation is as follows(43): 




2 p = pressure needed to produce rupture, dynes/em 
~ = surface tension, dynes/em 
r = rupture radius, em 
for water when: 
~ = 100 dynes/em 
-8 r = 10 em 
p = 2 x 104 atm 
Theory of Briggs, Johnson, and Mason. 
. (21) 
"When sound 
of high amplitude is transmitted into a liquid by means of 
a mechanical driving device, the ultimate limitation to the 
power that can be transferred is cavitation or breakdown of 
(80) 
the liquid under high internal stresses." The pressure 
developed by the collapse of a spherical bubble has been 
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calculated by the following: 
-4/3 3 P = Po (ld (~o) 
where: 
for R 
p = developed pressure, atm 
p
0 
= original pressure, atm 
R0 = original bubble radius, em 
R = decreased bubble radius, em 
= n (SO) • .n.o • 
20 
p = 1260 atm 
Eyring's Theory. The basis of Eyring's theory(34) 
of viscosity, plasticity, and diffusion is that holes 
(4) 
exist in a liquid and molecules can jump into these holes, 
leaving holes behind them. Jumps occur whenever the molecule 
has accumulated enough energy to overcome an activation 
potential barrier. Cavitation will result from the coalescing 
of these holes in the rarefaction phase of the cycle. These 
small holes coalesce with one another until there is a large 
enough hole to cause the liquid to rupture. Boyle, Taylor, 
and Froman(l9)agree with this theory. 
Phenomena Related to Cavitation in Liquids 
Up to this point experimental and theoretical treatments 
of the tensile strength of liquids have been reviewed. As 
presented, theory predicts much higher values than those 
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observed. When a liquid is exposed to intense sonic 
vibrations, cavitation occurs within the liquid. Almost 
all liquids contain either dissolved or entrained gases. 
The ~nount of dissolved gas is directly proportional to the 
ambient pressure and inversely proportional to the temperature 
of the liquid. The dissolved gas and entrained gas bubbles 
constitute weak points within the liquid. These nuclei 
account for the discrepancies between the calculated and 
the observed cavitation tensile stresses of a liquid. 
Nuclei. In order for cavitation to occur below 
theoretical values nuclei must be present. These nuclei 
are weak spots in the liquid that initiate cavitation 
below the theoretical tensile strength of water at room 
temperature and atmospheric pressure. There are a great 
many things which may be termed nuclei. However, only 
three types will be reviewed here. They are suspended 
particles, colloidal particles, and dissolved and adsorbed 
gases. These are the most important types of nuclei. 
Suspended Particles. The presence of a particle 
in a liquid will lessen(30)the ability of the liquid 
to withstand tensile stresses. The particles break 
the continuity of the liquid and thereby give it 
weak spots. The tensile strength of a liquid is no 
stronger than the tensile strength of these weak 
spots. The suspended particles are fairly easily 
removed by settling, if desired. This is not true 
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of colloidal particles whLch will not settle out of 
the liquid. 
Colloidal Particles. Colloidal particles are on 
the order of five to 150 millimicrons in diameter. 
The larger colloidal particles may be observed with 
an ultramicroscope. In a liquid they may exist either 
as individual particles or grouped in clusters. 
Photographs are available(3B)of colloidal particles 
in liquids. The colloidal particles serve as nuclei 
in much the same manner as suspended particles, the 
main difference being that the colloidal particles 
are smaller. 
Dissolved and Adsorbed Gases. "Henry's law 
states(l4)that under equilibrium conditions the amount 
of any gas dissolved in any liquid with which it does 
not react is proportional to the partial pressure of 
the gas at the liquid-gas interface." The gas-liquid 
solubility is usually inversely proportional to the 
temperature of the liquid. Solubilities are unique 
for different gas-liquid systems. The gases dissolved 
in water are many and varied. Air is the basis for 
the dissolved and adsorbed gases in water. The minute 
components of air are too numerous to mention, but 
there are three gases that contribute greatly to the 
dissolved and adsorbed gases in water. These are 
oxygen, nitrogen, and carbon dioxide. Theoretical 
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considerations< 58 )assume that dissolved and adsorbed 
gases have little, if any, affect on the tensile 
strength of water. However, adsorbed gas bubbles 
represent nuclei and a much smaller tension than 
calculated will cause the liquid to rupture, if they 
are present. 
Interfacial Effects. Liquid-solid and liquid-gas 
interfaces favor cavitation. The reason for this is the 
large difference in "pC product" at the interface. There 
are other physical factors, involving the solid portion of 
the interface, upon which cavitation is dependent. They 
will be discussed here. 
Roughness and Contamination. In heated water 
gas and vapor bubbles form(l4)at the container walls. 
If the walls are fairly clean and hydrophilic, the 
bubbles probably will form only at a few isolated 
points. If the walls are thoroughly cleaned, water 
may be superheated without bubbles forming. Surface 
roughness alone is insufficient to provide for 
nucleation. The surface must, also, be contaminated 
with adsorbed gases or hydrophobic substances • . 
Wetting and Nucleation at Smopth Surfaces. The 
wetting(l4 )of a solid by a liquid is dependent upon 
the relative strengths of the cohesive forces of the 
molecules of the liquid and the adhesive forces of 
the molecules of the solid. The degree of wetting is 
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usually expressed in terms- of the contact angle. A 
contact angle of zero degrees is complete wetting. 
A contact angle of 180 degrees is complete nonwetting. 
The more hydrophobic the surface, generally, the more 
opportunity for bubble nucleation. 
Gas Bubbles in Crevices. A convex surface is 
less favorable(l4)to cavitation than a plane one. 
A concave surface is more favorable to cavitation 




The experimental section or this thesis is divided 
(1) purpose or investigation, 
(3) materials, (4) apparatus, 
(6) data and results, and 
into the rollowing sections: 
(2) plan or investigation, 
(5) method of procedure, 
(7) sample calculations. 
Purpose of Investigation 
The object of this investigation was to study the 
errects of ultrasonically-induced cavitation in distilled 
water at liquid heights in the two to rifteen centimeter 
range on known concentrations of carbon dioxide, bicarbonate 
ions, and oxygen. The ultrasonic power setting required 
to produce violent cavitation was studied as a function 
or distilled water height. 
Plan of Investigation 
The plan for this investigation was divided into three 
sections: (1) literature review, (2) experimental, and 
(3) correlation or data. 
Literature Review. The literature review of this 
investigation was conducted with three ideas in mind: 
(1) to review for the reader the theoretical studies on 
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the tensile strength of liquids, (2) to review the experi-
mental observations, i·~·' static, hydraulic, and ultrasonic, 
on the tensile strength of liquids, and (3) to review the 
phenomena related to cavitation in liquids. 
Experimental. Using distilled water, ultrasonic power 
settings required to produce violent cavitation at various 
water heights were observed. Violent cavitation was deter-
mined by visual observation of the investigator. The 
effects of ultrasonically-induced cavitation on known concen-
trations of carbon dioxide, bicarbonate ions, and oxygen 
was observed. Using a specially-constructed container, the 
cavitation phenomenon was photographed. 
Correlation of Data. The ultrasonic power settings 
required to produce violent cavitation in distilled water 
were compared with the water heights in the cavitation 
container. The changes in the carbon dioxide, bicarbonate 
ion, and oxygen concentrations in distilled water produced 
by ultrasonically-induced cavitation were compared to the 
water heights at which violent cavitation was observed. 
~~terials 
The materials used in this investigation may be found 
in Appendix A. 
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Apparatu-s 
The description of the apparatus used in this investi-
gation, with the exception of the apparatus listed here, may 
be found in Appendix B. 
Container in Which Cavitation Was Produced. A container 
in which cavitation could take place and be observed was 
constructed of Plexiglass, cement, gasket, and aluminium. 
A drawing of this equipment is given in Figure 2. A photo-
graph of the container is shown in Figure 3. Used as a 
container to observe cavitation in water. 
Constant Voltage Transformer. Sola, 60 cycles, 
1-phase, 95 to 125 primary volts, 115 secondary volts, 
4.35 ampheres, 500 rated V. A. catalog No. 30808, series 
No. C27445. Manufactured by Sola Electric Company, Chicago, 
Ill. Used to provide a constant voltage to the ultrasonic 
generator. See Figure 4. 
Ultrasonic Generator. Rich-Roth "400" ultrasonic 
generator, serial No. 201. Obtained from the General 
Ultrasonics Company, 67 Mulberry Street, Hartford 3, Conn. 
Used to supply the power to the ultrasonic transducer. 
See Figure 5. 
Ultrasonic Transducer. Model M-203B, 400 watts, 25 kc, 
serial No. 148. Obtained from r~ssa Laboratories, Inc., 
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Figure 3. Massa ~~gnetostrictive Transducer with Container 
in Which Cavitation Could Take Place and Be Observed. 
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Figure 4. Sola Constant Voltage Transformer. 
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Figure 5. Rich-Roth "400" Ultrasonic Generator. 
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Method o£ Procedure 
The method of procedure for this investigation was 
divided into three general steps. They were the following: 
(1) equipment arrangement, (2) materials arrangement, 
and (3) cavitation observations. 
Equipment Arrangement. The ultrasonic transducer, the 
ultrasonic generator, and the constant voltage transformer 
were connected as shown in Figure 6. The frequency tuning 
band of the ultrasonic generator was set at 36 and the out-
put impedance was placed on "G" setting. These were the 
experimentally determined optimum settings. The ultrasonic 
generator was turned on and allowed to "warm-up". 
Materials Arrangement. Distilled water was stored in 
two four-liter bottles that were open to the atmosphere. 
The wat·er remained in storage until it was used. The dis-
tilled water from storage was used to fill the cylindrical 
cavitation container of the ultrasonic transducer to the 
desired distilled water height. Water heights of 2.0, 3.0, 
3.2, 3.4, 3.6, 3.8, 4.0, 5.0, 7.0, 10.0, and 14.0 centimeters 
were used. 
Cavitation Observations. The power setting of the 
ultrasonic generator was adjusted until violent cavitation 
was observed in the distilled water. The power setting 
that produced violent cavitation was recorded. Cavitation 
was observed for one minute. Then, the generator was 
turned off. The water was analyzed for the oxygen(?) 
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concentration. The procedure was repeated for analysis of 
carbon dioxide(S)and bicarbonate ion(3)concentrations, 
keeping the ultrasonic generator settings constant for 
each determination. After the analysis was completed, the 
virgin distilled water from storage was analyzed for oxygen, 
carbon dioxide, and bicarbonate ion concentrations. A 
total of ten determinations was made at each water height. 
A flat-surfaced cavitation container was needed for photo-
graphic studies of cavitation because the photographed 
phenomena would be distorted in the cylindrical cavitation 
container. A drawing of this flat-surfaced Plexiglass 
cavitation container is shown in Figure 2. The Plexiglass 
container furnished a better cement to container wall 
bond, did not crack or break, although it did scratch more 
easily than a glass container. The Plexiglass container 
was used in the photographic studies. The flat-surfaced 
cavitation container was filled with distilled water to 
the four centimeter level. The same procedure that was 
used in the cavitation observations was followed to produce 
cavitation. Single frame photographs were taken of the 
cavitation phenomena. 
Data and Results 
Tables III, IV, and V and Figures ?, 8, and 9 show 
the oxygen, bicarbonate ion, and carbon dioxide concentra-
tion changes after the distilled water had been subjected 
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to ultrasonically-induced cavitation for one minute compared 
to the height of the distilled water in the cylindrical 
cavitation container. The most violent cavitation through-
out the investigation was observed in the three to four 
centimeters height range (of distilled water). 
Table VI and Figure 10 show the power setting of the 
ultrasonic generator necessary to produce violent cavitation 
compared to the height of the distilled water in the 
cylindrical cavitation container. 
Figures 11, 12, and 13 show single-frame photographs 
that were taken in the study of cavitation. 
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TABLE III 
Oxygen Change in Distilled Water Subjected to 















Oxygen Concentration Change 
after Ultrasonic Cavitation, 
ppmc 
aRich-Roth "400" Ultrasonic Generator, Impedance Setting of G. 
Massa Ultrasonic Magnetostrictive Transducer, 25 kc. 
b one em = 47 ml 
c average of ten determinations 
-O.f 
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TABLE IV 
Bicarbonate Ion Change in Distilled Water Subjected to 
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TABLE V 
Carbon Dioxide Change in Distilled Water Subjected to 
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Massa Ultrasonic Magnetostrictive Transducer, 25 kc. 
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TABLE VI 
Power Setting o£ Ultrasonic GeneratoraNecessary to Produce 
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Figure 11. Photograph of Ultrasonically-Induced Cavitation 
in Distilled Water. The Sound Frequency Was 25 KC. 
-40-
Figure 12. Photograph of Ultrasonically-Induced Cavitation 
in Distilled Water. The Sound Frequency Was 25 KC. 
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Figure 13. Photograph of Ultrasonically-Induced Cavitation 
in Distilled Water. The Sound Frequency Was 25 KC. 
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Sample Calculations 
The equations for the calculations involved in this 
investigation are based on the Betz Handbook(J, 5,7). 
Determination of Oxygen Concentration. The calculation 
for parts of oxygen per million parts of water was as follows(?): 
ppm oxygen= (ml O.OlOON Na2s2o3 )( 80 ) (5) ml sample 
where: 
The constant, 80, was calculated from stoichiometric 
equivalents for the purpose of simplifying calculations. 
example: 
ml O.OlOON Na2s2o3 = 10.7 ml 
ml sample = 94 ml 
ppm oxygen = ( 10.7) ( 80) 
94 
ppm oxygen = 9.1 ppm 
Determination of Carbon Dioxide Concentration. The 
calculation for parts of carbon dioxide per million parts 
of water was as follows( 5): 
ppm carbon dioxide = (ml 0.0455N Na2C03)( 1000 ) (6) 
ml sample 
where: 
The constant, 1000, was calculated from stoichiometric 
equivalents for the purpose of simplifying calculations. 
example: 
rnl 0.0455N Na2co3 = 0.25 ml 
ml sample = 94 rnl 
ppm carbon dioxide = ( 0.25) (1000) 
94 
ppm carbon dioxide = 2.7 ppm 
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Determination of Bicarbonate Ion Concentration. The 
calculation for parts of bicarbonate ion per million parts 
of water was as follows(3): 
ppm HCOj = (ml O.l020N HCl}( 6220 ) (7} 
ml sample 
where: 
The constant, 6220, was calculated from stoichiometric 
equivalents for the purpose of simplifying calculations. 
example: 
ml O.l020N HCl = 0.100 ml 
ml sample = 94 ml 
ppm HCOj = (0.100)(6®~0) 
ppm HCOj = 6.6 ppm 
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IV. DISCUSSION 
The discussion is presented in three sections: 
(1) discussion of results, (2) recommendations, and 
(3) limitations. 
Discussion of Results 
The results of this investigation are discussed in the 
same order that the data and results were presented in the 
Experimental Section. All experimentally-determined curves 
were plotted by the method of least squares. Each point on 
the experimentally-determined curves represented an average 
of ten determinations. Additional determinations were made 
between a height of three and four centimeters of water since 
this was the region of the most violent cavitation. An insona-
tion time of one minute was used. The analytical methods used 
in the determinations of oxygen and carbon dioxide concentrations 
were within 0.2 part per million. The method used in the deter-
mination of bicarbonate ion concentration was within 0.3 part per 
million. Thus, the differences could vary from ±0.4 part per 
million in the former to ±o.6 part per million in the latter. 
Oxygen Change in Water Ultrasonically Cavitated for 
One Minute. Observations, see Table III and Figure 7, 
showed that water, when subjected to cavitation, was 
partially degassed of oxygen. A second degree equation was 
assumed for the experimental curve. See Appendix C. 
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Nothing observed in the literature contradicted this 
assumption. When the water was exposed to cavitation, 
oxygen, being an inert gas with respect to the water, did 
not react(llO,ll6 )with the water. When the oxygen in the 
water was partially degassed due to cavitation, the oxygen 
was{l09)expelled to the atmosphere. When cavitation agi-
tated the distilled water, there was an increase in the 
surface area of the distilled water that was exposed to 
air. The oxygen content of the water did not increase, 
as did the carbon dioxide content of the water. It has 
been hypothesized that this was because{l09)of the dif-
ference in the solubilities of the two gases in water. 
In the region of the most violent cavitation, three to 
four centimeters of distilled water height, the greatest 
partial degassing or the distilled water was observed. 
Marboe('ll6 )agreed with this observation. 
Bicarbonate Ion Change in Water Ultrasonically 
Cavitated for One ~linute. Observations, see Table IV 
and Figure 8, showed that distilled water, when subjected 
to cavitation, showed an increase in the amount of 
bicarbonate ions present. A second degree equation was 
assumed for the experimental curve. See Appendix c. 
Nothing observed in the literature contradicted this 
assumption. Cavitation produced gas-phase chemical 
reactions{ll0,111,112,115,116)in water. The temperature 
gradient(lll)set-up by the adiabatic compression of a gas 
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bubble caused these gas-phase reactions to occur. Hydroxyl 
groups £rom the disassociation of water molecules reacted(lll) 
with carbon dioxide molecules to form bicarbonate ions. The 
greatest increase in the concentration o£ bicarbonate 
ions present in the water was observed in the region of 
least violent cavitation, five to fifteen centimeters of 
water height. This region of least violent cavitation was 
the region of greater carbon dioxide concentration. When 
carbon dioxide was present in greater concentrations, 
greater concentrations of bicarbonate ions were observed. 
Carbon Dioxide Change in Water Ultrasonically Cavitated 
for One Minute. Observations, see Table V and Figure 9, 
showed that distilled water, when subjected to cavitation, 
showed an increase in the amount of carbon dioxide present. 
A second degree equation was assumed for the experimental 
curve. See Appendix C. Nothing observed in the literature 
contradicted this assumption. When cavitation agitated 
the distilled water, the surface area of the distilled 
water exposed to air was increased. Additional carbon 
dioxide from the atmosphere was adsorbed by this increased 
surface area of the distilled water. The adsorbed carbon 
dioxide was then partially absorbed by the water. This 
absorbed and adsorbed carbon dioxide accounted for the 
increase(l09,ll3,ll7)in the carbon dioxide content of the 
distilled waterQ The greatest increase in the carbon 
dioxide present in distilled water was observed in the 
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region of least violent cavitation, five to fifteen centi-
meters of distilled water height. As the distilled water 
height increased in the container, there was a greater 
opportunity for the carbon dioxide to be absorbed and 
adsorbed in the distilled water. Also, there was less 
degassing of the carbon dioxide from the distilled water 
due to the less violent cavitation observed in that region. 
Ultrasonic Power Setting Necessary to Produce Violent 
Cavitation in Distilled Water. Observations, see Table VI 
and Figure 10, showed that the ultrasonic power setting 
necessary to produce violent cavitation in distilled 
water was dependent upon the distilled water height. 
This experimental relationship was assumed to be a straight 
line. Reports of other investigators(l6, 27,95)agreed with 
this assumption. These investigators compared threshold 
cavitation pressures to water height. A probe was not 
available to make this comparison. When the hydrostatic 
pressure increased, a greater ultrasonic power setting was 
necessary to produce violent cavitation in the distilled 
water. The most violent cavitation was observed in the 
container height range of three to four centimeters of 
distilled water. The least violent cavitation was observed 
in the five to fifteen centimeters of distilled water 
height range because there was a greater hydrostatic head 
to overcome if cavitation was to occur. 
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Recommendations 
Using ultrasonically-induced cavitation as a foundation, 
there are numerous ways in which this investigation could 
be extended. More equipment, such as a high speed motion 
picture camera and a probe, would be necessary to make a 
more detailed study of cavitation. 
High Speed Motion Picture Camera. A high speed 
motion picture camera could be used to study the cavitation 
phenomena. The formation, growth, and collapse of the 
cavitation bubbles could be followed, using high speed 
photographs. 
Probe. A probe could be used to obtain the pressures 
developed in the media under observation. Then, a better 
correlation between experimental results and previous 
ultraso·nic investigations of others could be obtained. 
Liquid Media. In this experiment the only liquid 
that was used was distilled water. Other liquids, such as 
liquids that have a large viscosity range with temperature, 
may be studied. An example of this would be mineral oil. 
Gaseous Nuclei. In this experiment the distilled 
water was allowed to come to equilibrium with air. In 
future investigations the liquid being tested could be 
saturated with single-component gases rather than air, such 
as nitrogen, oxygen, and carbon dioxide. 
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Limitations 
The results of this investigation were based on several 
variables that contained certain limitations. These variables 
will be discussed here. 
Liquid Height. The cavitation container held a maximum 
distilled water height of fifteen centimeters (705 milliliters). 
Sound Frequency. The sound frequency used was 25,000 
cycles per second. 
Ultrasonic Cavitation Time. The distilled water was 
subjected to ultrasonically-induced cavitation for one minute. 
Test Liquid. The liquid tested was distilled water that 
was in equilibrium with the air. 
Cavitation Container. The cavitation container used in 
experimental determinations was cylindrical in shape. Using 
a rectangular-shaped cavitation container, photographs were taken. 
Teflon Gasket. A teflon gasket separated the distilled 
water being tested and the ultrasonic transducer. 
Cavitation Observations. The term "violent cavitation" 
was a visually observed phenomenon. 
Analytical Determinations. The analytical methods(ll7) 
used in the determination of oxygen and carbon dioxide concen-
trations were within 0.2 part per million. The method used 
in the determination of bicarbonate ion concentration was 
within 0.3 part per million. Thus, the differences could 
vary from ±0.4 part per million in the former to ±0.6 part 
per million in the latter. 
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V. CONCLUSIONS 
A Rich-Roth "40011 ultrasonic generator with an impedance 
setting of "G" coupled with a I·1assa magnetostrictive trans-
ducer with a frequency of 25,000 cycles per second were used 
in this investigation. The study of the effects of ultrasonically-
induced cavitation on distilled water (containing known concen-
trations of carbon dioxide, bicarbonate ions, and oxygen) at 
liquid heights in the two to fifteen centimeter range for an 
insonation time of one minute within the limits of the analytical 
methods used led to the following conclusions: 
1. vVhen distilled water in equilibrium with air was 
subjected to ultrasonically-induced cavitation, the oxygen 
content of the distilled water was decreased on the order 
of less than one part per million. 
2. When distilled water in equilibrium with air was 
subjected to ultrasonically-induced cavitation, the carbon 
dioxide content of the distilled water was increased on the 
order of less than one part per million. 
3. When distilled water in equilibrium with air was 
subjected to ultrasonically-induced cavitation, the bi-
carbonate ion concentration of the distilled water was 
increased on the order of less than one part per million. 
4. The ultrasonic power setting necessary to produce 
violent cavitation in distilled water in equilibrium with 
air was dependent upon the distilled water height. 
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VI • SUMIVIARY 
The purpose of this investigation was to study the 
effects of ultrasonically-induced cavitation on distilled 
water, containing known concentrations of carbon dioxide, 
bicarbonate ions, and oxygen at liquid heights in the two 
to fifteen centimeter range. 
Distilled water was used to fill the cavitation container 
of the ultrasonic transducer to the desired liquid height. 
The ultrasonic power setting at constant impedance setting 
and constant sound frequency necessary to produce violent 
cavitation in the distilled water was noted. Pictures of 
the cavitation phenomena in the distilled water were taken, 
using a specially constructed cavitation container. 
When distilled water in equilibrium with air was subject 
to ultrasonically-induced cavitation within the limits of the 
analytical methods used, the following observations were made: 
(1) the oxygen content of the distilled water was decreased 
on the order of less than one part per million, (2) the 
carbon dioxide content of the distilled water was increased 
on the order of less than one part per million, (3) the 
bicarbonate ion concentration of the distilled water was 
increased on the order of less than one part per million, 
and (4) the ultrasonic power setting necessary to produce 
violent cavitation in distilled water was dependent upon the 
distilled water height. 
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VII. APPENDICES 
The materials used in this investigation are shown 
in Appendix A. The apparatus used in this investigation 
that were not listed under Apparatus are shown in Appendix B. 
The equations determined by the method of least squares for 
plotting experimental curves are shown in Appendix c. 
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Appendix· A 
The following materials were used in this investigation. 
The specifications, the manufacturer, and the use of the 
material are listed. 
Acid, Hydrochloric. Reagent, ACS, Sp. Gr. 1.18, code 
No. 1090, lot No. D401202. Obtained from General Chemical 
Division Allied Chemical and Dye Corp., 40 Rector St., 
New York, N. Y. Used in preparation of standard hydro-
chloric acid solution. 
Acid 1 Sulfuric. Reagent, ACS, Sp. Gr. 1.84, code 
No. 1180, lot No. D206162. Obtained from General Chemical 
Division Allied Chemical and Dye Corp., 40 Rector St., 
New York, N. Y. Used in water analysis. 
Aluminum Metal. Dust, code No. 1220. Obtained from 
General Chemical Division Allied Chemical and Dye Corp., 
40 Rector St., New York, N. Y. Used in cavitation 
observations. 
Aluminum rJJ:etal. Sheet, 1/2-inch in thickness. 
Obtained from the I\1echanical Engineering Department, 
J\lissouri School of J1ines and r-1etallurgy, Rolla, Ivfo. Used 
in construction of flange, holding cavitation container. 
Cement. Duco brand. ~~nufactured and distributed by 
E. I. duPont de Nemours and Company, Wilmington, Del. Used 
in construction of cavitation container. 
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Gasket. Paper, 1/16-inch in thickness. Obtained from 
Western Auto Associate Store, Rolla, Mo. Used in construc-
tion of' gasket for cavitation container. 
Itianganous Sulfate. Nerck Reagent, ACS, catalog No. 73841, 
lot No. 41700. J:v1anufactured and distributed by ~-1erck and 
Company, Rahway, N. J. Used in preparation of standard 
manganous sulfate solution. 
Iviethyl Orange. ACS, powder, code No. 1997. Obtained 
from General Chemical Division Allied Chemical and Dye Corp., 
40 Rector St., New York, N. Y. Prepared according to direc-
tions of manufacturer. Used in water analysis. 
Phenolphthalein. Analytical Reagent, ACS, powder, 
catalog No. 6600. Manufactured and distributed by I'.Tallinckrodt 
Chemical Works, St. Louis, IJio. Prepared according to 
directions of manufacturer. Used in water analysis. 
Plexiglass. Acrylic plastic, 1/8-inch in thickness. 
Manufactured and distributed by Rohm and Haas Company, 
Philadelphia, Pa. Used in construction of cavitation 
container. 
Potassium Dichromate. rierck Reagent, ACS, granulated, 
cat?-log No. 7315, lot No. 41075. l\1anufactured and distributed 
by 1J1erck and Company, Rahway, N. J. Used in preparation of 
standard potassium dichromate solution. 
Potassium Hydroxide. Reagent, ACS, pelletized, code 
No. 2118. Obtained from General Chemical Division Allied 
Chemical and Dye Corp., 40 Rector St., New York, N. Y. 
Used in preparation of alkaline potassium iodide solution. 
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Potassium Iodide. Fisher-certified Reagent, ACS, 
Crystalline, catalog No. P-256, lot No. 2120. Manufactured 
and distributed by Fisher Scientific Company, Pittsburgh, Pa. 
Used in alkaline potassium iodide solution. 
Sodium Carbonate. Analytical Reagent, ACS, anhydrous, 
granulated, code No. 7468. Manufactured and distributed 
by ~,rallinckrodt Chemical ~lorks, St. Louis, P.Jio. Used in 
preparation of standard sodium carbonate solutions. 
Sodium Thiosulfate. Fisher Certified, ACS, crystalline, 
catalog No. S-445, lot No. 543180. Manufactured and distrib-
uted by Fisher Scientific Company, Pittsburgh, Pa. Used in 
preparation of standard sodium thiosulfate solution. 
Starch, Corn. Argo brand. r.1anufactured and distributed 
by Corn Products Refining Company, Argo, Ill. Used in 
preparation of starch solution. 
Ultramarine Blue Dye. Powder, catalog No. U-1. 
Obtained from Fisher Scientific Company, Pittsburgh, Pa. 
Used in cavitation observations. 
Water, Distilled. Obtained from the distilled water 
tap, Unit Operation Laboratory 1\'Iez zanine, Room 105, 
Chemical Engineering Building, ~:Tissouri School of Mines 
and Metallurgy, Rolla, Missouri. Used for the observation 
of cavitation and in preparation of standard solutions. 
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Appendix · B 
The following apparatus was used in this investigation. 
The specifications, the manufacturer, and the use of the 
apparatus are listed. 
Analytical Balance. Voland, model No. 640-D, serial 
No. M-18033. Obtained from Voland and Sons, Inc., New 
Rochelle, N. Y. Used in precision weighing required for 
standard solutions. 
Bottle, 4-liter. Narrow mouth, reagent, flat stopper, 
"Pyrex" brand, catalog No. 17650. Obtained from Aloe 
Scientific Division of A. s. Aloe Company, St. Louis, Mo. 
Used to store distilled water. 
Bottle, 1-liter. Narrow mouth, reagent, flat stopper, 
"Pyrex" brand, catalog No. 17650. Obtained from Aloe 
Scientific Division of A. S. Aloe Company, St. Louis, Mo. 
Used to store standard solutions. 
Burette, 50-ml. With straight stopcock, Aloe university 
grade, catalog No. 19830. Obtained from Aloe Scientific 
Division of A. S. Aloe Company, St. Louis, Mo. Used in 
water analysis. 
Burette, 5-ml. Micro titration, Aloe precision grade, 
catalog No. 20100. Obtained from Aloe Scientific Division 
of A. s. Aloe Company, St. Louis, It·io. Used in water analysis. 
Flask, Erlenmeyer 500-ml. Narrow mouth, "Pyrex" 
brand, catalog No. 44000. Obtained from Aloe Scientific 
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Division of A. s. Aloe Company, . St. Louis, Mo. Used in 
water analysis. 
Flask, Erlenmeyer 250-ml. Narrow mouth, "Pyrex" 
brand, catalog No. 44000. Obtained from Aloe Scientific 
Division of A. s. Aloe Company, St. Louis, M:o. Used in 
water analysis. 
Flask, Volumetric 1000-ml. Glass stoppered, blue line 
exax, catalog No. 10-204. Obtained from Fisher Scientific 
Company, Pittsburgh, Pa. Used in preparation of standard 
solutions for water analysis. 
Flask, Volumetric 500-ml. Glass stoppered, blue line 
exax, catalog No. 10-204. Obtained from Fisher Scientific 
Company, Pittsburgh, Pa. Used in preparation of standard 
solutions. 
Flask, Volumetric 250-ml. Glass stoppered, blue line 
exax, catalog No. 10-204. Obtained from Fisher Scientific 
Company, Pittsburgh, Pa. Used in preparation of standard 
solutions. 
Pipette, 100-ml. Volumetric, blue line exax, catalog 
No. 13-649. Obtained from Fisher Scientific Company, 
St. Louis, Mo. Used to measure and transfer the water to 
the cavitation container. 
Pipette, 2-ml. Volumetric, catalog No. 69040. Obtained 
from Aloe Scientific Division of A. S. Aloe Company, 
St. Louis, Ho. Used in water analysis. 
Pipette, 1-ml. Volumetric, catalog No. 37000. 
Obtained from Aloe Scientific Division of A. S. Aloe Company, 
St. Louis, Mo. Used in water analysis. 
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Thermometer. Fahrenheit, engraved stem, permanent 
filler, mercury, 3-inch immersion, catalog No. 78514. 
Obtained from Aloe Scientific Division of A. s. Aloe 
Company, St. Louis, Mo. Used in water analysis. 
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Appendix C 
The following equations were determined by the method 
of least squares. The data were used in plotting the 
experimental curves. The independent variable, x, is the 
water height in the container. 
Oxzgen Change f'(x) = 1.09 - 0.19x + 0.009x2 
Bicarbonate Ion Change f'(x) -0.156 0.15x 2 = + - 0.007x 
Carbon Dioxide f'(x) 0.0185 o.09lx 
2 
Change = + - 0.002x 
Power Setting f'(x) = 4.3 + 0.27x 
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